Vacuum UV circular dichroism (CD) spectra were measured down to 175 nm for d(C)
INTRODUCTION
Oligopurine sequence duplexes can bind oligonucleotides to form A-AT (Hoogsteen strand purine strand •pyrimidine strand) (1), TAT, C+-G-C or G-G-C triplets. Possible base pairing arrangements for TAT and G-G-C triplets are shown in Figure 1 . Oligonucleotides that can bind to a polypurinepolypyrimidine target duplex to form a triplex have possible uses as highly specific endonucleases (2) (3) (4) . The ability of oligonucleotides to enter cells (5-9) makes them possible therapeutics (10) . Oligopurine sequences (purines on one strand, pyrimidines on the other) occur frequently within the controlling regions of genes (11) . Oligonucleotide binding to duplex DNA resulting in a triplex structure may prevent function of the transcription apparatus (12) (13) (14) . The formation of C + -G-C triplets requires a low pH (2, 3) , and may not be useful for therapeutics. Binding to GC base pairs at physiological pH is accomplished using analogues of cytosine (15, 16) or by using guanosine (12, 17) . Our effort has centered on binding of G rich oligonucleotides to G • C rich polypurine-polypyrimidine target duplexes.
The structure of the underlying duplex can be useful for interpreting data on triplexes. The self-complementary oligonucleotides d(GGGGCCCQ and d(GGGTACCC) are in the A conformation in crystals (18, 19) . Although the crystal structures of these oligonucleotides may not be identical to the solution structures, valuable insights may be gained. Based on the structure of d(GGGGCCCC), a model for poly[d(G) • d(C)] was made (18) . The structure is similar to the classical A DNA conformation. The cytosine bases are not stacked. However, the guanine bases are stacked in an arrangement thought to be more stable than other stacking arrangements. The five membered ring of one guanine stacks on the six membered ring of its 5' neighbor. The only X-ray crystallographic structure we are aware of for a G-G-C triplet is in yeast tRNA Phe (20, 21) , where the third strand guanosine is in the and configuration and the hydrogen bonding is reverse Hoogsteen.
Oligonucleotide binding experiments have revealed that upon forming G • G • C triplets, the third strand binds antiparallel to the purine strand of the Watson-Crick duplex (4, 17) . NMR studies on an intramolecular triplex containing antiparallel G • G • C and T-A-T triplets show that the guanines have an and glycosidic linkage and the binding is reverse Hoogsteen (22) .
The near UV CD spectrum of poly
spectrum has a characteristic negative CD band at 280 nm. Intramolecular G-G-C triplexes containing antiparallel oligoguanine regions also have negative CD bands at 280 nm (24) . In these two previous CD studies, difference spectra for triplex formation were not obtained, limiting the available structural information.
Near UV CD spectra of double-stranded DN As are small and are due mostly to interaction between the transitions in the bases. The CD due to base stacking can be a large portion of the near UV CD (25) . In contrast, vacuum UV CD spectra of duplexes are much larger than the CD of the monomers (26) , and are often much larger than the CD of the single strands (25) . The CD due to duplex formation can be calculated by subtracting the CD of the constituent single strands from the CD of a double strand. When this was done for double-stranded RNAs, the vacuum UV difference CD bands were large and were not sequence dependent. The lack of a sequence dependence indicated that these bands were not due to base stacking. Since these bands were not in the spectra of die single strands, they were assigned to crossstrand interactions (25) .
In the present work, we have measured vacuum UV CD spectra of d(G) 10 10 triplex, and two mixed sequence triplexes which were models for binding of oligonucleotides to a functionally important regulatory sequence in the c-myc promoter (27) . From the measured spectra we calculated difference CD spectra for duplex formation and triplex formation. By examining the spectra of the complexes formed by d(G) 10 and d(C) 10 , we concluded that the d(C) 10 strand was unstacked in the duplex, the triplex, and in single strands; whereas both the d(G)( 0 strands of the triplex were well stacked in a manner similar to that of the d(G)n) strand in the duplex. Binding of oligonucleotides to part of the c-myc promoter sequence produced difference CD bands similar to that for the formation of 1O) indicating a similar but not identical triplex structure.
MATERIALS AND METHODS

d(G)
]o and d(C)io were purchased from Pharmacia and Sigma respectively. The concentrations of d(G)| 0 and d(C)| 0 per mol of nucleotide base were determined by absorbance readings in 100 mM or 50 mM LiOH after heating to 80 or 90°C and cooling. The alkali treatment was used to disrupt guanine tetrad structures (23) . LiOH was chosen because Li + does not strongly promote guanine tetrad formation (28) . We calculated die e^g of guanine in d(G)i 0 at high pH to be 12,100 L-mol nucleotide" 1 cm~' by updating an extinction coefficient for GMP at pH 11 (29) , using the new 6252 of 14,330 for GMP at pH 7.0 (30). The e^o of 7,700 L-mol nucleotide-'-cm" 1 for d(C)| 0 was calculated by the nearest-neighbor approximation (31) from the extinction coefficients of CpC and CMP (30) .
The near UV CD mixing curve was done at room temperature (28±2°C) using a Jasco J-500 and 1 cm cells. For the mixing curve, d(G)| 0 and d(C)| 0 were dissolved in 100 mM LiOH and heated to 80°C for quantitation. The mixes were made and heated again to 80°C. The mixes were then neutralized with H 3 PO 4 to pH 7. The final buffer concentration was 80 mM Li + (phosphate).
For vacuum UV CD measurements, the oligonucleotides were dissolved in D 2 O containing 50 mM LiOD, heated to 90°C, mixed in the appropriate ratios, heated to 90°C, allowed to cool, and neutralized with 50 mM D 3 PO 4 to a nominal pD of 7. D 2 O was used instead of H 2 O because D 2 O absorbs less light between 175 and 200 run. The final buffer concentration was 23.5 mM Li + (phosphate). Vacuum UV CD measurements were made at room temperature (25±1°C) in 0.1 mm cells purchased from Helma. The sample concentrations were between 2.8 and 4.5 mM in nucleotides. Spectra were recorded at station U9B of the National Synchrotron Light Source at Brookhaven National Laboratory. The spectral bandwidth was 2 run. Digitized CD data at 1 nm intervals were smoothed using a sliding 7-point quadratic cubic function (32) . Data are reported as €L-«R (L-mol nucleotide-
, and c-mycm d(GGGGTGGGTGGG) were synthesized by standard phosphoramidite chemistry, c-wycl was purified by anion exchange chromatography, while c-mycll and c-mycUl were purified by reverse phase chromatography at high pH (33) . The extinction coefficients of c-mycl, c-mycll, and c-mvcm were calculated to be 7892, 10833, and 10417 L-mol nucleotide" 1 -cm" 1 by the nearest neighbor approximation (31) using the extinction coefficients of the dinucleotides (K.H.J. unpublished data). Mixtures of c-mycl, c-mycU, and c-mycTH were made in 1 mM LiOH. MgSO 4 was added to a concentration of 5 mM and Li + (phosphate) buffer pH 7.5 was added to a final Li + concentration of 8.5 mM. CD spectra of these oligonucleotides and their mixes were taken using 0.1 mm cells and a Jasco J-500.
CD difference spectra for duplexes were calculated according to equation [1] , where A(e L -eR)d up ls the change in CD induced by formation of die duplex, (e L -e^dup is the CD of the duplex, (eL~*R)strand i > s tne CD of one strand, and ii is th e CD of the other strand. CD difference spectra for triplexes were calculated according to equation [2] , where A(« L -fR^ is the change in CD induced by formation of the triplex from the duplex and the third strand, ( e L~fR)trip '
s th e CD of the triplex, (fL~eR)dup > s me CD of the constituent duplex, and (€L~€R)soand ra is the CD of the third strand.
RESULTS AND DISCUSSION Near UV CD mixing curve A mixing curve was prepared as described above for d(G)| 0 and d(C), 0 in 80 mM Li """(phosphate). Figure 2 shows the CD at 270 and 215 nm. In both curves there was a break point at about a 1:1 and a 2:1 ratio of purines to pyrimidines. This showed that complexes formed with a 1:1 and with a 2:1 ratio of purines to pyrimidines. The near UV CD spectra of the complexes formed at 1:1 and 2:1 ratios were similar to published spectra of 10 . This can be seen from the difference spectrum (Fig. 5) , and indicates a definite interaction between the two components. (25) . These difference spectra all had negative bands near 274 nm, small positive bands at about 250 nm, and a similarly shaped negative region from about 240 nm to 210 nm. The similarity of these bands in the difference spectra indicates that they have the same origin. As discussed above, the origin was probably not stacking of the d(C) I0 strand. Since all three difference spectra were for the addition of a guanine strand to some other entity to form a complex, changes in the structure of the guanine strand being added may be responsible for the appearance of these bands. Therefore, these bands suggest similar structures for the guanine strands in poly[r(G)r(C)], d(G) 10 -d(Q, 0 , and d(G) 10 -d(G) 10 -d(C) 10 .
In contrast to the near UV, the vacuum UV difference CD spectrum for d(G)i O d(Q| O (Fig. 5, solid large negative bands at 176 nm. However, the difference spectra for the RNA polymers had negative bands at 202 nm that were not in the difference spectrum for d(G) 10 -d(C) 10 , and the negative band at 176 nm in the difference spectrum of d(G)io'd(C)io was larger than the corresponding band in the difference spectra for the RNAs. Since the difference spectra for the RNAs with different G • C-containing sequences were alike at these wavelengths, and the d( G-m5C) • d(G-m5C) ] in the Z conformation have negative bands at about 195 nm and large positive bands at about 180 nm (34, 38, 39) . The vacuum UV CD spectra of triplexes containing C + GC triplets have not been measured to our knowledge. However, the difference spectrum for the formation of a triplex containing a mixture of C + GC and T-A-T triplets is negative at 210 nm (40) as were the difference spectra for the formation of triplexes containing T-A-T triplets (41) . A negative band at about 190 nm followed by a positive band near 178 nm is common to difference spectra of homopolymer triplexes containing T • A • T and U • A • U triplets (41) . If the similar spectra point to similar structures, the similarities do not include the glycosidic angle. In the Z conformation of poly[d (G-C)-d(G-C) ] the guanine nucleotides are in the syn conformation (42) . In pyrimidine • purine • pyrimidine triplexes, third strand thymidines of T-A-T triplets are in the anti conformation (43) . NOE experiments on a mixed sequence intramolecular triplex (22) 
c-myc oligonucleotides
The oligonucleotides c-mycl (CCCCACCCTCCC) and c-wycll (GGGAGGGTGGGG) are complementary and have the same sequences as part of the upstream region of the human c-myc gene (27) . The region of the human c-myc gene containing the c-mycl sequence can be bound by oligonucleotides to form triplexes (12, 17) . The third strand of the triplexes can be either identical to the purine strand of the Watson-Crick duplex (containing the c-wyell sequence) or an oligonucleotide containing a specially designed sequence, c-mycUl (GGGGTGGGTGGG) (12) . In both cases, the third strand is expected to bind antiparallel to the purine-rich strand of the duplex (Fig. 6) (12, 17, 45) . We measured CD spectra of each separate strand, the c-mycl • c-mycR duplex, and mixtures of the c-mycl-c-mycll duplex with an equivalent of c-m_ycll or an equivalent of c-mycUl. The duplex difference spectrum (calculated using equation [1] ) (Fig. 7, (Fig. 4) were not in the spectra of the individual strands (Fig. 3 ) nor were they enlarged by triplex formation. These bands occur in the spectra of right-handed RNAs and DNAs with different sequences containing G-C base pairs, and are due to interstrand interactions (25, 34) .
4. The CD bands of d(C), 0 were small (Fig. 3) . Also, no changes that took place upon duplex or triplex formation could be attributed to changes taking place within the d(C) )0 strand. 5. At wavelengths longer than 210 nm, the bands in the difference spectra for d(G) 10 -d(C) 10 (Fig. 5) , d(G) 10 (25) were similar and were apparently due to changes in the guanine-containing strands. This indicated that the guanine-containing strands in these complexes were in similar conformations.
6. By comparing the measured vacuum UV spectra and the difference vacuum UV spectra for poly (Fig. 7) were similar to the difference spectrum calculated for d(G) 10 -d(G) 10 -d(C)| 0 (Fig. 5) . Therefore, the mixed sequence c-myc complexes most probably were triplexes with conformations similar but not identical to that of d(G) 1 o-d(G) lo -d(C) lo .
